Introduction
Natural circulation loop (NCL) is a passive heat transfer arrangement to transfer heat from a source to a sink without any mechanical aid. Therefore, it offers some unique and distinctive applications such as solar water heaters, geothermal heat extraction systems, new generation nuclear reactors, electronic cooling systems, and refrigeration systems, etc. By imposing the temperature gradient between source and sink, the density, ρ, difference is developed in the loop fluid which causes the fluid to circulate in the NCL. The absence of mechanical elements gives advantages such as high reliability, safety and low maintenance cost to NCL over forced circulation loop.
It is clear from the literature that most of the numerical studies and experimental investigations are carried out on symmetrically heated and cooled loops. Zvirin [1] for the temperature rise at the source or temperature drop at the sink and steady-state mass-flow rate. Vijayan et al. [2] studied the effects of heat source and heat sink orientations on the stability of the rectangular NCL. They concluded that more stability is observed with vertical configuration of the heat source and the heat sink. Experimental investigations on the stability characteristics of the NCL at various loop pipe internal diameters have done by Vijayan et al. [3] . Basu et al. [4] have been proposed an analytical solution for four different loop configurations under steady-state with identical boundary and operating conditions, they concluded that the rectangular NCL model has a stable flow. In the extended work [5] , they numerically analyzed the impact of geometrical parameters on the stability of NCL under steady-state condition and it is concluded that stabilities can be suppressed by increasing the loop height because of more buoyancy effect. They also found that NCL with a smaller pipe diameter have more stability due to enhancement in friction. The NCL with wider loop and a longer heat source section have more stability. Kumar and Gopal [6] numerically evaluated the 1-D rectangular NCL under steady-state for low temperature applications with hot and cold heat exchangers at the source and the sink, respectively, and they developed new relation for suitability of various fluids in NCL in terms of pipe diameters and temperature rise/drop. Yadav et al. [7] numerically analyzed the performance of NCL under steady-state condition with water and CO 2 as loop fluids. Their investigation reveals that, at pseudocritical region the NCL with CO 2 exhibits seven times higher heat transfer rate than water at atmospheric condition. They also proposed new correlations for CO 2 based NCL. Recently, Kudariyawar et al. [8] reported studies on the steady-state and transient characteristics of the rectangular NCL with water. In their study, simulations are carried out on a 3-D NCL model using CFD. They described the stability behavior of the loop fluid in NCL with different heat source and heat sink orientations.
In the NCL, thermophysical properties of the loop fluid plays a key role on its performance. Advancements in the nanotechnology opens a gateway to new generation fluids for heat transfer applications. By suspending the nanoparticles in the working fluid at low concentrations significantly alters the thermal conductivity and consequent heat transfer properties. In the past several years, nanofluids are widespread for various industrial and commercial applications such as refrigerators, electronics cooling, solar collectors, different heat exchangers, and nuclear reactor cooling. Nayak et al. [9] experimentally investigated the flow behavior in NCL with Al 2 O 3 -water nanofluid. They reported that flow rates are improved and flow instabilities can be suppressed with nanofluid. Recently Doganay and Turgat [10] experimentally examined the performance of nanofluid based natural circulation mini loop. They found that system is thermally stable at all inclination angles and at all particle volume concentrations. Effectiveness of the NCL is enhanced proportionally with particle concentration and inclination angle.
The 3-D modelled geometry is essential to estimate the system performance by considering some critical parameters such as influence of local buoyancy, bends in geometry, and axial conductions. Though few studies based on the 3-D CFD model are available in the literature, they have certain limitations due to the assumptions made during analysis. The present study aims to numerically investigate the influence of heat transfer and rheological characteristics of based Al 2 O 3 -water nanofluid on the performance of rectangular NCL by using mixture model. For this study, 3-D modelling and simulations are carried out with ANSYS-14.5 CFD package.
Numerical methodology
The schematic diagram of rectangular NCL with riser, down-comer, source and sink is shown in fig. 1 . The loop fluid is heated at the source with constant heat flux condition and cooled at the sink by isothermal wall temperature condition. A buoyancy effect created by the temperature gradients causes to circulate the fluid in the loop. The geometrical parameters and material specifications are given in tab. 1. The following assumptions are made to while formulating the model in ANSYS-FLUENT 14.5. The loop is operated in steady-state mode, no slip boundary condition is applied near the walls, riser and down-comer sections are fully adiabatic, the nanofluid is incompressible, the nanoparticles have uniform size and shape. 
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where, K eff is expressed:
In the present study, the RNG k-ε turbulence model is considered if the flow is in the turbulent flow regime. The energy dissipation rate, ε, and the turbulent kinetic energy, k, are obtained by solving the following transport equations.
-Turbulent kinetic energy:
-turbulent energy dissipation rate:
where values of the model constants C 1ε , C 2ε , C µ , α ε , α k are 1.42, 1.68, 0.09, 1.0, 1.3, respectively, and η = Sk/ε, η o = 4.38. The Stokes number can be estimated by:
where the particle response time, τ p , is expressed:
and the system response time, t s , is obtained:
The modified Grashof number, Gr m , and Reynolds number, Re, are obtained:
At the considered cross-section, the steady-state mass-flow rate, m  , and local bulk temperature of the loop fluid, T, can be estimated:
Also, the friction factor, f, is expressed:
where Δp is the total pressure drop in the pipe at length x.
Boundary conditions
For the simulations, the imposed thermal boundary conditions are, constant heat input over the range of 200-1000 W with step size of 200 W is applied at heat source, isothermal wall temperature of 293 K is considered at the heat sink. Riser and down-comer are considered as insulated.
Solution technique
Stokes number is a non-dimensional number to characterize the behavior of particle suspended in a fluid-flow. Stokes number is helpful in choosing an appropriate model among volume of fluid, mixture and eulerian models approach to simulate nanofluid-flows. If St > 1, the eulerian model is most suitable and if St << 1 or St ≈ 1, any of the model can be used [11] . If Stokes number is much less than 1, then the flow is viscous dominating flow. If the particle response time is much higher, then the particles will flow through the fluid without much deflection. The particle motion and fluid motions are tightly coupled and closely stream lined. But the mixture model is computationally inexpensive and widely used to simulate nanofluid-flows. In the present study the Stokes number is estimated using eq. (13) and its value around 12·10 -4 and hence mixture model is employed to simulate nanofluid based NCL. Rashid et al. [12] made a comparison between these models and reported that two phase models are more viable. In particular, mixture model gave close approximation with the experimental results.
A 3-D geometric model of the NCL is developed in ANSYS-14.5 geometric module and simulates with water and Al 2 O 3 -water nanofluid. The entire simulations are carried out at steady-state condition. The implicit coupled condition is imposed. The governing equations are discretized by the finite volume method. Semi implicit method for pressure linked equations (SIMPLE) algorithm is used to couple the pressure and velocity. The moment and energy equations are iterated by using the second order upwind scheme. The turbulence effect is induced to the loop fluid if the flow is in turbulent regime by applying RNG k-ε model [13] and the standard wall function condition. The turbulence kinetic energy and turbulence dissipation rates are iterated by second-order upwind scheme. The pressure term in the moment equation is solved by pressure staggering option scheme. To neglect the influence of boundary-layer at pipe walls, no-slip boundary condition is applied. Axial conduction along the pipe wall and viscous dissipation rate of the loop fluid are incorporated. The continuity, moment equations are converged by reaching the velocity and pressure residuals to 10 -3 and the energy equation is converged when its residual reaches to 10 
Mesh sensitivity analysis
The meshing of the loop fluid at a cross-section of the heat source is shown in fig. 2 . Stern et al. [14] proposed a method for mesh verification. As on refining the element size, number of elements in the mesh are increased. This element size takes part of vital role on the simulation results. Therefore, in order to test the mesh sensitivity, five different element sizes are considered and the results are analyzed. For the mesh sensitivity test, the simulations are carried out with water at 600 W of heat input. Figure 3 shows the influence of a number of elements on two independent variables such as steady-state mass-flow rate and temperature difference of the loop fluid across the heat source. The effect of a number of elements on the temperature gradient and mass-flow rate is presented in tab. 3. By increasing the number of elements from 150920 to 782784, the temperature gradient across the heat source is reformed by 0.16% and the mass-flow rate is refined by 0.13% only. Therefore, the mesh with 150920 numbers of elements is considered for the simulations in order to save the computational time and utilization of the resources. 
Results and discussion
In the present study, the simulations are carried out for various heat inputs (200--1000 W) at the heat source and constant wall temperature of 293 K at the heat sink. The NCL is operated with Al 2 O 3 -water nanofluid as loop fluid at different particle volume concentrations of 1%, 3%, 5%, and 6%, and the performance is compared with water as loop fluid.
Validation
To validate the 3-D NCL model, the simulations are carried out at steady-state condition and the results are compared with the analytical results calculated from Vijayan's correla-tion, eq. (21), for laminar flow [15] . However, it is to be noted that Vijayans correlation is given for single phase fluids. Hence for the comparison all theermophysical properties are calculated based on the homogeneous mixture model at bulk mean temperature. Figure 4 illustrates that, the simulation results are well matched with analytical results over a range of Reynolds number for both water and nanofluid at different concentrations. The maximum difference between the simulation and analytical results is less than 5% for water and 10% for Al 2 O 3 -water nanofluid. Therefore, further analysis is carried out with the developed model. For fully laminar flow the steady-state Reynolds number can be estimated using eq. (21). 
Temperature contours for water and Al 2 O 3 -water nanofluid at 600 W of heat input and 3% concentration
Figures 5(a) and 5(b) show the temperature contours for water and Al 2 O 3 -water nanofluid at the center of heat source, riser, heat sink, and down-comer, respectively. Due to the buoyancy effect relatively more temperature is observed at the top portion of the pipe in horizontal sections such as heat source and sink. In case of riser and down-comer, more uniform temperature profiles are observed throughout the cross-section by considering adiabatic wall condition. High temperatures are observed in case of Al 2 O 3 -water nanofluid.
Velocity contours for water and Al 2 O 3 -water nanofluid at 600 W of heat input and 3% concentration
Figures 6(a) and 6(b) show the contours of velocity for water and Al 2 O 3 -water nanofluid at the center of heat source, riser, heat sink, and down-comer, respectively. It is clear from the figs. 6(a) and 6(b) , that the velocity at bottom side is more at heat source and the trend is reversed at heat sink due to buoyancy effect. Relatively more uniform velocity can be observed in case of Al 2 O 3 -water nanofluid when compared with water.
Temperature profiles of the loop fluid along the loop length
Temperature profiles of the water and Al 2 O 3 -water nanofluid at different particle volume concentrations for entire loop length at 600 W of heat input are shown in fig. 7 . Since the riser and down-comer are considered as adiabatic, there is no temperature variation observed in both water and nanofluid. As the heat source is subjected to uniform heat flux, gradual rise in temperature of the loop fluid can be noticed and the trend is reversed for the heat sink.
Steady-state flow rate
The mass-flow rate of loop fluid in NCL under steady-state condition is obtained at various heat inputs and different particle volume concentrations. It is well known that massflow rate of the loop fluid increases with increasing heat input at heat source. Figure 8 , explicit the variation of mass-flow rate of water and Al 2 O 3 -water nanofluid with heat input. By increasing the heat input to the source, the higher density gradient is developed between the source and sink which causes for enhanced mass-flow rate. It is noticed from fig. 8 , the mass-flow rate of Al 2 O 3 -water nanofluid is more than the water with the refined thermophysical properties. It is observed from the fig. 8 , the mass-flow rate of loop fluid is enhanced from 7.10% to 26.11% by varying the particle concentration from 1% to 5% when compared with water. But further increasing the particle concentration to 6%, the mass-flow rate is decreased by 4.11% as compared with 5% concentration. The mass-flow rate of loop fluid in the NCL is solely influenced by the buoyancy effect. This buoyancy effect can be enhanced either by decreasing the viscous resistive forces or by improving the buoyancy driving forces. The thermophysical properties of the fluid are influences the viscous forces. Particularly for nanofluid the viscosity has more emphasis on this resistive force. As the viscosity of nanofluid is a function of the particle volume concentration, its effect can not be neglected. Therefore, another alternative way to improve the buoyancy driving forces is either by increasing the temperature or by regulating the thermophysical properties of the fluid. As the particle concentration increases, effective density of the nanofluid is enhanced and specific heat, C p , is reduced. By suspending the nanoparticles in the base fluid, the net specific heat of the nanofluid is reduced [16] as well as thermal expansion coefficient, β, of the nanofluid is increased [17] and hence the temperature of loop fluid increases for the same heat input. In the simulation, the specific heat of Al 2 O 3 -water nanofluid is estimated using the eq. (10) and the result reveals that, specific heat of the nanofluid is reduced by 3.09%, 8.73%, and 14.56% at 1%, 3%, and 5% particle volume concentrations respectively when compared with water. This decrease in specific heat gives larger temperature rise in the fluid at the same heat input. The temperature rise gives large change in density gradient between the heat source and heat sink which causes for the increase in mass-flow rate. Addition to this, thermal expansion coefficient of the nanofluid is also important parameter for mass-flow rate enhancement. Thermal expansion coefficient is more for nanofluid when compare with water. As increasing the particle concentration thermal expansion coefficient is also increases. This may provide a physical reason for the increase of mass-flow rate with the addition of nanoparticles up to 5% concentration in water. As the particle concentration increases from 5% to 6%, the percentage increment in viscosity gradients is more than the percentage decrement in the specific heat and therefore, the viscous forces dominates the buoyancy forces. This may be the reason for decrement in the mass-flow rate by the addition of nanoparticles beyond 5% particle concentration in water. Therefore, for this NCL model, the particle concentration of 5% is considered as an optimum value.
Temperature gradient across the heat source Figure 9 shows the variation of temperature gradient across the heat source at different heat inputs and particle concentrations. It is noticed from the fig. 9 , the temperature gradient of the loop fluid follows the increasing trend with heat input, whereas this temperature gradient increases with increase of particle concentration up to 5%. But, further increase in particle concentration upto 6%, this temperature gradient is decreased due to decrement in mass-flow rate. Figure 9 clearly shows that, the temperature gradient of the loop fluid across the heat source with nanofluid is higher than water.
Effectiveness of the NCL
Taylor et al. [18] have mentioned that, one can get the clarity on the heat transfer enhancement by non-dimensionalizing the results. Therefore, by defining a non-dimensional parameter called effectiveness, ε, the performance of water and nanofluid based NCL are successfully compared.
In eq. (23), T a and T b are the temperatures of the loop fluid at the entrance and exit of the heat source and T w is the constant wall temperature of the heat sink. Since the fluid-flows in a closed loop, the constant mass-flow rate is achieved in NCL under steady-state condition. Therefore, the mass-flow rate terms are removed from eq. (23). In simulations, the specific heats of the loop fluid at source, C p1 , and sink, C p2 , are estimated by using eq. (10) and the difference between C p1 and C p2 is obtained less than 0.2%. Hence, C p1 and C p2 terms are neglected in eq. (23). Figure 10 shows the effect of particle volume concentration and heat input on the effectiveness of NCL. Figure 10 summarizes that, the effectiveness of the NCL proportionally increases with particle volume concentration. This is also confirmed from the experiments of Doganay and Turgut [10] . At the higher particle concentrations, specific heat of the nanofluid is reduced and thermal expansion coefficient is increased, consequently the temperature rises in nanofluid increases. Therefore, the higher temperature gradients are created at the heat source. The increment of temperature gradient of the loop fluid across the heat source rises at a higher rate than the temperature difference between loop fluid temperature at source exit and sink wall temperature, hence effectiveness is increased with the particle concentration.
Non-dimensional analysis
Reynolds number can be estimated by eq. (17) . Figure 11 shows the variation of the Reynolds number with heat input and particle volume concentration. Figure 11 illustrates that, Reynolds number of the nanofluid at any concentration is more than water. By increasing the heat input, the mass-flow rate and the subsequent velocities are increased. This increment in fluid velocity causes to increase the Reynolds number.
Nusselt number at the source is calculated based on the area weighted average wall function heat transfer coefficient. The wall function heat transfer coefficient at source is obtained from the simulation results. At the source, a variation of the Nusselt number with heat input and particle volume concentration is shown in fig. 12 . The addition of high thermal conductive nanoparticles in the inherently poor conductive water, the effective thermal conductivity of the nanofluid enhances. Therefore, for a given heat input temperature difference between wall and bulk fluid is less for the nanofluid, which results to increase its heat transfer coefficient. This increment in heat transfer coefficient causes for the enhancement of Nusselt number. Figure 13 demonstrates that, friction factor is declines with increase in the heat input because of the temperature gradients dominate the viscous gradients. On the other hand, the friction factor of loop fluid increases with an increase in the particle concentration due to increment in viscosity of the loop fluid. 
Conclusions
In the present study, the steady-state analysis has been carried out on the NCL with water and Al 2 O 3 -water nanofluid at different particle volume concentrations of 1%, 3%, 5%, and 6%. A 3-D geometry of the rectangular NCL model is developed and simulated using AN-SYS (FLUENT) 14.5. To simulate nanofluid in the NCL, mixture model is adopted because it is computationally less expensive. For the simulations, the imposed thermal boundary conditions are: constant heat input over the range of 200-1000 W with step size of 200 W at the heat source and isothermal wall temperature of 293 K at the heat sink. The adiabatic boundary condition is imposed on both the riser and down-comer. Based on the simulation results, the following conclusions are drawn. y The steady-state mass-flow rate of the NCL increases with the heat input.
y As the particle volume concentration increase from 0% to 5%, the mass-flow rate in the NCL increases, but further increment in particle concentration reduces the mass-flow rate because of viscous forces dominate the buoyancy forces. Therefore, for this kind of NCL model, the particle concentration of 5% is considered as an optimum value. y Increasing the particle volume concentration from 5% to 6%, the Reynolds number and Nusselt number follow the reverse trend. y The friction factor of loop fluid in NCL declines with heat input for water and Al 2 O 3 -water nanofluid and it increases with particle volume concentration. y Effectiveness of the Al 2 O 3 -water nanofluid based NCL is more than the water based NCL.
Acknowledgment
The present work is carried out under a project sponsored by Department of Science and Technology (DST), Ministry of Human Resource and Development (MHRD), Government of India. The financial support offered by MHRD is gratefully acknowledged. 
Nomenclature

